Abstract Hypertension is a more serious disease in blacks. The determinants of the blood pressure (BP) may be uniquely different from those in whites. The characteristic low-renin, salt-sensitive hypertension of blacks is consistent with the kidney reabsorbing additional sodium (Na), which leads to an expanded plasma volume that drives the BP. Mechanisms considered are genetically based. These include: (1) the intrarenal renin-angiotensin system (RAS), one based on molecular variations in angiotensinogen; (2) the Na, K, 2Cl cotransporter (NKCC2) and its regulators in the thick ascending limb, which are associated with a variety of phenotypes consistent with a more active cotransporter in blacks; and (3) the genes for MYH9 and APOL 1, which have been associated with kidney disease in blacks. To achieve a state of hypertension, an increase in Na uptake in proximal nephron regions may require a distal nephron that does not fully adjust due to less than adequate suppression of aldosterone production.
Introduction
Hypertension is the most commonly treated chronic disease. It is a major risk factor for heart disease, kidney failure and stroke. In blacks, the prevalence of hypertension is increased over that in whites [1] and the incident rates of complications are much higher in blacks than in whites [2, 3] . Blacks typically have hypertension that is low-renin [4] and saltsensitive [5] , consistent with an increase in sodium (Na) reabsorption by the kidney. This, in turn, leads to an expanded extracellular fluid volume that becomes the driving force behind development of what may be a race-specific form of hypertension. The expanded volume may in addition augment other pressor influences.
The pathophysiology of hypertension in blacks, what distinguishes it from that of other population groups, is grounded primarily in genetics. This template for proteins that regulate the kidney's reabsorption of Na was selected for an adaption to an arid environment. That which was in low supply included not only Na, but also water. Environmental differences between race groups today would seem to play a more minor role. With respect to dietary differences, urinary excretion of Na has been shown repeatedly to be similar in blacks and whites, indicating similar dietary intakes of Na [6, 7] . Urinary excretion of potassium (K) is generally lower in blacks. Whether this is of dietary origin or is a manifestation of differences in the disposition of K is unclear [8] . Differences in handling of K by the kidney may be linked to a predisposition to hypertension [9] . Aviv et al. [10] , in studies of the relative contributions of fecal versus urinary excretion of K, found evidence that relative rates of excretion could vary with differences in dietary K, as well as with individual differences in renal handling of K. The authors of this review subscribe to the notion that the race difference in K excretion represents more than an effect of diet; that racial difference in food preferences, if there are any, are insufficient to account for the consistently observed disparity in K excretion rates.
Whether the greater risk for hypertension in blacks resides with a unique blood pressure (BP) physiology or represents an amplification of the physiology that is characteristic of whites is not clear. In the following discussion of pathophysiology of hypertension in blacks, we consider an expansion of extracellular fluid volume as paramount, that much of the race difference can be explained by differences in volume. Over 30 years ago, volume was measured in blacks and whites and was indeed found to be greater in blacks [11] . Most evidence for an expanded plasma volume in blacks in comparison to other population groups rests on indirect evidence, most notably the level of plasma renin activity (PRA), which is lower with an expanded volume. Levels of aldosterone may also be lower [12] . In this review, we consider the intrarenal renin-angiotensin system and the medullary thick ascending limb (TAL) as potential sites for increases in Na reabsorption. The argument could easily be made that any transport system involved in reclaiming Na is likely more active in blacks. We further propose that there is an interaction of these sites with the epithelial Na channel (ENaC) in the distal nephron. Also, it is not our intention to suggest that a single transport system is tipping the scales in favor an elevated BP in blacks, but rather any one of them or all of them may be more operative in a given individual. This review is also not all-inclusive; we did not, for example, include discussion of the distal convoluted tubule, for the reason that its potential participation did not seem to us as well developed.
Angiotensinogen and the Renin-Angiotensin System in Kidney
Renin-angiotensin system (RAS) is involved at multiple levels in the regulation of BP. Race differences in volume and BP could stem from exposure to different intensities of RAS expressed in renal tissue. Extensive work by Navar and colleagues [13••, 14] demonstrated the presence of RAS operating within the kidney. Coffman's laboratory showed in cross-transplantation experiments using mice deficient in the type 1 angiotensin (AT1) receptor (genetic knock-out models) and wild-type mice allowing for isolation of renal RAS from extra-renal RAS influences on BP [15••, 16] . About half the angiotensin II effect on BP was mediated by AT1 receptors expressed in kidney; the higher BP was a result of greater Na retention. A racial difference in the intrarenal RAS could contribute to differences in risk for hypertension. Genetic studies of angiotensinogen (AGT), the substrate from which angiotensin II is derived, suggest that such a mechanism could exist.
The concentration of AGT is at or near the MichaelisMenten constant for its enzymatic reaction with renin, and therefore AGT is rate limiting for generation of angiotensin II. In a landmark paper published two decades ago, Lalouel and coworkers using a sib-pair analysis found a relationship of AGT to hypertension [17••] . In addition, an AGT molecular variant, M235T, was associated not only with the circulating level of AGT, but with hypertension in two separate populations, one from the US and the other from France. In blacks, the frequency of this allele is approximately 90 % (nearly 100 % in African blacks), raising the question of whether variations in AGT contribute to the race difference in susceptibility to hypertension. Subsequent studies using haplotypes that provided a more diverse range of genotypes, and therefore additional statistical power, showed that the level of AGT was related to the AGT genotype [18] . The original studies of AGT have now been replicated with several molecular variants, including M235T [19] [20] [21] . No other variation of a gene has so consistently shown significant associations with hypertension. The latest 'twist' to the relationship of AGT to hypertension is dietary intakes of Na and K (as determined from excretion rates) coupled to the plasma aldosterone in blacks residing in South Africa, as discussed in a subsequent section.
Regarding intra-renal RAS, which obviously is not easy to characterize or gauge clinically, its level of activity could play an important role, not just as a regulator of BP, but as a contributor to risk for chronic kidney disease in blacks. Indeed, a case can be made for treating the hypertension in blacks with RAS-lytic drugs apart from whether it improves BP. In keeping with this logic, blacks with renal insufficiency related to hypertension responded more favorably to use of ACE-inhibitors than beta-blockers or calcium channel blockers in the African American Study of Kidney Diseases [22] .
Na, K, 2Cl Cotransporter in Thick Ascending Limb
The best evidence for a specific site where Na reabsorption is increased in blacks comes from studies of Na, K, 2Cl cotransporter (NKCC2) in thick ascending limb (TAL). About a quarter of the Na filtered is reabsorbed in TAL, primarily by NKCC2 [23] . Regulation of NKCC2 is complex. For example, the severe salt-losing nephropathy known as Bartter syndrome [24] results from a loss of cotransporter function from mutations in NKCC2 itself (Type 1) [25] or mutations in four NKCC2 regulating genes (Types 2-5) [26] [27] [28] [29] . Although components of ion transport systems in TAL are a rich source of candidate genes for hypertension, there has never been a monogenetic form of hypertension localized to TAL. Nonetheless, a large body of evidence favors the idea that NKCC2 is more active in blacks. This includes lower urinary excretion rates of Ca [30, 31] , K and magnesium (Mg) [32] (with the exception of Mg, excretion rates of these ions have included identical intakes thus ruling out that differences are dietary in origin).
Urinary volumes are lower and urinary osmolalities are higher in blacks in comparison to whites (Fig. 1) . The direction of each of the race differences is in keeping with a more active NKCC2 in blacks.
NKCC2-Dependent Reabsorption of Cations (Ca, Mg and K).
Paracellular uptake of Ca and Mg in TAL versus their downstream excretion is under the influence of the intra-luminal electrical charge [33] , a by-product of the activity level of NKCC2. Cations, attracted to a negatively charged luminal milieu, remain in the lumen where they are more or less destined for excretion in urine. If the lumen holds a positive charge, the inclination of cations is to move out from the lumen by a paracellular route down an electrochemical gradient to the extracellular space. As NKCC2 becomes more active, the K that accumulates inside peritubular cells is returned to the lumen via the K channel ROMK. As more K recycles back to the lumen, the lumen takes on a positive charge, which then promotes Ca and Mg paracellular re-uptake. In blacks, Ca excretion, for example, is approximately 30 % less than it is in whites [31] , in keeping with greater NKCC2 activity.
Ca-sensing Receptor and NKCC2. Ca-sensing receptor (Ca-SR) expressed along the basolateral surface of cells lining the lumen of TAL may play a role in producing racial differences in BP regulation. When activated by an increase in extracellular Ca, the downstream effect to inhibit NKCC2. A loss of function variation in Ca-SR would lead to less inhibition of the cotransporter. Common genetic variations have now been shown to associate with a decrease in Ca excretion and an increase in BP in blacks, although not in whites [34] , as if blacks were somehow (possibly through effects of an expanded volume) sensitized to the influences of Ca interacting with its receptor on NKCC2.
NKCC2 and Water Conservation. The Na reclaimed in TAL is used to build the osmotic gradient against which water is reabsorbed in collecting duct. Early on when living on the African continent, an exceptional ability to conserve water was important for survival, as was Na conservation (suggested first by L. Bankir; personal communication). This survival advantage could have been achieved by a NKCC2 functioning at a higher level. Bankir and coworkers have now shown that, indeed, in blacks, urine volumes are typically lower and urine concentrations higher in comparison to whites [35] . Interventional studies with furosemide [36] and with water loading [37] have provided additional evidence for a more active NKCC2 in blacks.
Interaction of Proximal Na Reabsorption and Aldosterone Production
If there is indeed increased Na reabsorption in blacks, by NKCC2 in TAL for example, for this to result in a higher BP, a built-in adjustment by the kidney would have to fail. The distal nephron is the target of aldosterone, lower levels of which accompany an expanded volume. Aldosterone activates mineralocorticoid receptors in principle cells in cortical collecting duct to produce the effect of prolonging the time ENaC resides at the apical surface. Although early genetic association studies suggested that common molecular variants of ENaC subunits that were more frequent in blacks might convey risk for hypertension [38, 39] , replication of the findings has been mostly lacking. It would seem more likely that 'failure to adjust' on the part of the distal nephron results from aldosterone production that extends beyond what is needed to maintain Na and K homeostasis. Especially at the low end of aldosterone production, its regulation could depart from what is required-it could very easily be the case that too much is produced. Treatment with amiloride, an inhibitor of ENaC, was shown to reduce BP in whites more than in blacks. There appeared to be less ENaC activity that could be inhibited in blacks [40] . Greater Na reabsorption in a more proximal nephron region appeared to suppress aldosterone production, and in turn, level of ENaC activity in blacks. Inhibition of ENaC with either amiloride or spironolactone or both has been shown to benefit blacks with resistant hypertension [41•] .
Primary aldosteronism, either from adrenal hyperplasia or adrenal adenoma, accounts for~10 % of cases of essential hypertension [42] , a formidable proportion. Normotensive individuals with a higher, but still within the normal range, plasma aldosterone concentration (PAC) are at significantly greater risk for future onset of hypertension [43] . In recent years, aldosterone has taken on new relevance as a contributor to the etiology of hypertension. More important is the PAC with respect to level of plasma renin activity (PRA). If Fig. 1 A comparative depiction of average urinary excretion rates of cations (Na, K, Ca and Mg), urine volumes and urine osmolalities in blacks and whites. Na excretion rates are the same in the two race groups, but K, Ca and Mg excretion rates are lower in blacks, consistent with a more active NKCC2 in TAL. Urine (U) volumes are smaller and urine osmolalities are higher in blacks, again consistent with NKCC2 being more active in blacks. Na excretion is the same in the two groups, pointing out similar dietary intakes of Na. Overall, however, blacks may retain more Na, but after coming into balance, excretion begins to equal intake individuals are already volume expanded, the case for blacks more than whites, then a non-elevated PAC may suffice to increase Na retention to where BP increases. PAC in relation to volume status can be expressed as the 'aldosterone/renin ratio' (ARR). Kotchen's group showed that ARR was increased in blacks with hypertension and significantly higher in black hypertensives than white hypertensives [44•] . Most likely, the hypertension developed in response to a PAC that was too high for the extent of volume expansion.
Blacks Whites
There is considerable interest in finding variations in the regulation of aldosterone production that result in levels of aldosterone that exceed the restraints posed by a suppressed RAS. Recently, a study of blacks from South Africa showed that the level of AGT was related to the PAC when individuals consumed a diet high in Na and low in K [45•] . This may help to explain the relationship of AGT to BP. It was as if the high salt intake took away the contribution created by a need for restoring Na retention and volume normally conveyed by angiotensin II. The AGT concentration appeared to be driving the production of aldosterone to where it could seemingly raise BP.
K channels [46, 47] help to establish the transmembrane potential in adrenal glomerulosa cells that is critical for signaling secretion of aldosterone. Deficiencies in these channels have been associated with a primary aldosteronism-type of hypertension in genetic mouse models [48] . Single nucleotide polymorphism in one TASK channel gene, KCNK9, showed promise for an association with PAC and BP in blacks and whites [49] . It may just be that these kinds of modifiers of aldosterone synthesis provide the final piece to the puzzle for development of hypertension in many individuals. Blacks with what appears to be a pre-existing state of volume expansion may be particularly vulnerable.
Kidney Disease, the Genes MYH9 and APOL1, and Parasitic Protozoa (Trypanosoma brucei rhodesiense)
Genes for certain kidney diseases in blacks were found to reside in a region on chromosome 22 that included the MYH9 gene. Variations in MYH9 associated with focal-segmentalglomerulosclerosa (FSGS), hypertension-attributed end stage kidney disease (H-ESKD) and HIV-associated nephropathy [50, 51] . Causal mutations were, however, lacking. In the same region, the gene APOL1 encodes for apoprotein L-1. Two APOL1 variants, G1 and G2, had high odds ratios for associations with FSGS and H-ESKD. About 50 % of blacks are carriers of at least one or the other allele, 10-15 % are carriers of two alleles, whereas whites are carriers of neither [52••] . A multidiscipline team of researchers unfolded the evidence for positive selection of the risk allele, which today, with people living much longer, results in a negative selection for kidney disease. Specifically, ApoL1 circulates in blood where it lyses trypanosomes. Using an in vitro assay, the alleles that resulted in kidney disease were the same as those that lysed Trypanosoma brucei rhodesiense. The speculation is that the evolution of a critical factor for survival in Africa also contributes to high rates of renal disease in blacks residing in the US [53] . The role, if any, of these risk alleles to the development of hypertension is, to the best of our knowledge, unknown.
Epigenetics
In rat experiments, early in life stresses induced by maternal separation were accompanied by increased vascular sensitivity to vasopressors as adults [54] ; there appeared to be evidence for epigenetic modifications affecting susceptibility to hypertension. The horrific injustices served on generations of blacks over many years: could they have contributed to the current predisposition to hypertension? Such is theoretically possible, through epigenetic mechanisms where DNA sequences are maintained, but phenotypes and gene expressions are altered by methylation of DNA as well as other reactions with DNA. This is an exciting area of investigation, but only recently has it been applied to an understanding of mechanisms for hypertension (see review by Cowley et al. [55] ).
Conclusion
Blacks, in comparison to whites, appear to have a more expanded plasma volume due to an increase in Na reabsorption by the kidney. This may be what predisposes blacks to more severe hypertension. Potential sites where reuptake of Na may be excessive are discussed. What may be a critical component to the development of hypertension is a distal nephron that does not adjust because of a failure by aldosterone to sufficiently suppress its levels.
